FePt/FeMn bilayers were deposited onto MgO(100) substrates by ion beam sputtering system. The dependence of in-plane and out-of-plane exchange bias fields (He) and coercive fields (HC) on the thicknesses of both ferromagnetic (FM) and antiferromagnetic (AF) layers has been investigated. The out-of-plane exchange bias field is half of the value of the in-plane exchange bias field, which is may be due to the dispersion of anisotropy of FePt layer or may be because of the alignment of the spins of FeMn layer. The FM thickness dependence of in-plane and out-of-plane exchange bias is similar; however, the AF thickness dependence of out-of-plane exchange bias is different from that of the in-plane case.
Introduction
The phenomenon of exchange bias between antiferromagnetic (AF) and ferromagnetic (FM) materials was first observed by Meiklejohn and Bean in 19561) when studying Co particles coated with its antiferromagnetic oxides (CoO). They found that the hysteresis loop was shifted to the negative direction after the samples were cooled in a magnetic field through the Neel point of the AF materials. The shift of the loop is called exchange bias field (HE). Recently, this effect has been extensively studied due to its potential applications in spin-electronics devices.2) However, the physical origin of this phenomenon is still unclear. So far, almost all studies on this subject have been carried out in the so-called in-plane configuration, i.e. samples were field cooled with the external field applied in the plane of the film. Very little work on the out-of-plane exchange bias has been reported. [3] [4] [5] [6] The study of exchange bias in perpendicular direction is very interesting from both fundamental and application points of view. From fundamental point of view, some features of in-plane exchange bias may be different from that of the out-of-plane which may provide some more information to understand this intriguing phenomenon. In addition, more information about spin structure at the FM/AF interface may be obtained by comparing the behavior of in-plane exchange bias with that of out-of-plane exchange bias. From application point of view, this offers the possibility to make spin-valves or tunnel junctions with perpendicular-to-plane magnetization that can be quite useful for magnetic field sensors or for magnetic random-access memory devices.
The purpose of the present work, therefore, is to study exchange bias in both in-plane and out-of-plane directions of FePt/FeMn thin films. In particular, we focus our study on the dependence of in-plane and out-of-plane exchange bias on the thicknesses of FM and AF layers.
Experiment
The Figure 1 shows the X-ray diffraction (XRD) pattern of FePt(5 nm)/FeMn(25 nm) bilayer. It is observed that FePt layer is of L 1 0 phase with the two peaks (001) and (002) and FeMn layer has fcc structure with (200) texture.
Shown in Fig. 2 are the hysteresis loops of FePt(2.5 nm)/FeMn(10 nm) measured at room temperature in both in-plane and out-of-plane directions. A loop shift is observed in both magnetization curves, an indication of exchange bias. It is estimated that in-plane exchange bias field is 80 Oe, which is about two times larger than out-of-plane exchange bias field. It should be noted that the out-of-plane hysteresis loop is not so square, which is possibly due to the partially ordered of FePt layers or due to the dispersion of the c-axis of FePt layers. The with the cooling field in the perpendicular direction and in the longitudinal direction, FeMn spins are easier to be aligned with the cooling field, thus causing the in-plane exchange bias field is larger than out-of-plane exchange bias field.
The dependence of exchange bias on the thickness of ferromagnetic layers is depicted in Fig. 3 (a) . In this series of samples, the thickness of FeMn is fixed at 10 nm while the thickness of FePt is increased from 2.5 nm to 20 nm. It is seen that both in-plane and out-of-plane exchange bias fields are decreased with increasing FePt thickness, indicating that exchange bias is an interfacial effect. This is confirmed by the fact that the unidirectional magnetic exchange anisotropy JK, estimated by the following equation JK = HE*tFM*MS where Ms =800 emu/cc is the saturation magnetization of the FM layer and tFM is the thickness of the FM layer, is nearly constant when the thickness of FePt layer is beyond 7 nm as in Fig. 3 (b) . In the case of in-plane configuration, JK is about 0.04 erg/cm2 and is about 0.02 erg/cm2 for out-of-plane configuration. These observations indicate that below 5 nm of FeMn, this alloy is probably not antiferromagnetic so that no exchange bias is observed. For thickness between 5 and 10 nm, FeMn is antiferromagnetic but not enough pinned by its magneto-crystalline anisotropy. As the FeMn thickness increases, its magnetization becomes more and more pinned and totally pinned above 10 nm. The dependence of HE on FeMn thickness from 10 nm upwards is similar to experimental results of other previous reports12-14), and this behavior was theoretically predicted by the model of Malozemoff.15 According to this model, exchange bias arises when the interfacial energy, which is random on atomic scale, is large enough to make AF domains with perpendicular-to-the-interface domain walls. When the thickness of the AF layer is large, the domain area at the interface will remain constant as well as the exchange bias field.15) For the smaller AF thickness range, the domain size depends linearly on the AF layer thickness and the exchange bias field increases with decreasing the AF layer thickness. It is, however, noted that there is no pronounced peak in the case of perpendicular exchange bias as in the longitudinal case. This suggests that Malozemoff's model may not be applied in the case of perpendicular exchange bias_ In addition, although some experimental results, including the present results of in-plane exchange bias, are in good agreement with the prediction of Malozemoff's theory on the AF thickness dependence of exchange bias field, there are still other reports16, 17) showing contradicted results, namely there is no peak for HE as a function of AF layer thickness. Therefore, the physical origin of the AF thickness dependence of exchange bias is still not clear. From the present results, it is difficult to explain the different shapes of the in-plane and out-of-plane HE(tAF). This may only suggest that different mechanism for perpendicular exchange bias is plausible; however, further investigation is needed to clarify this intriguing dependence.
Conclusion
In summary, exchange bias in FePt/FeMn bilayers has been observed in both perpendicular and longitudinal directions. The value of out-of-plane exchange bias field is two times smaller than that of in-plane exchange bias, being attributed to the dispersion of the anisotropy of FePt layer or the possibility that FeMn spins are not fully aligned in the perpendicular direction.
The dependence of perpendicular and in-plane exchange bias on FM thickness is very similar. However, the dependence of perpendicular exchange bias on the AF thickness is different from that of the in-plane case, suggesting that the mechanism for out-of-plane exchange bias may be different from that of the in-plane case.
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